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ABSTRACT 
System Optimizat ion is a  new approach t o  HVAC c o n t r o l  a s  implemented by Energy Management Cont ro l  Systems. 
System Opt imiza t ion  i s  def ined  a s  e l e c t r o n i c  b u i l d i n g  c o n t r o l  s t r a t e g i e s  which t r e a t  a  b u i l d i n g ' s  HVAC 
components a s  a  complete e n e r g y - e f f i c i e n t  and coord ina ted  system. Trends i n  t h e  development of HVAC c o n t r o l  
s t r a t e g i e s  a r e  b r i e f l y  d i scussed .  An example which d i f f e r e n t i a t e s  between convent iona l  and System Opt imiza t ion  
approaches i s  used t o  i l l u s t r a t e  t h i s  new approach. The example d i s c u s s e s  a s p e c t s  of c o o l i n g  season o p e r a t i o n  
f o r  a  t y p i c a l  HVAC system. The paper concludes w i t h  f o u r  b a s i c  p r i n c i p l e s  of  System Opt imiza t ion  which a r e  
e s s e n t i a l  f o r  e f f e c t i v e  c o n t r o l  of a  b u i l d i n g  environment. 
INTRODUCTION 
The fundamental o b j e c t i v e  of  any form o f  
b u i l d i n g  c o n t r o l  i s  t o  provide a  comfortable ,  
e f f i c i e n t ,  and produc t ive  environment. HVAC c o n t r o l  
s t r a t e g i e s ,  implemented by Energy Management Cont ro l  
Systems (EMCS), p lay  a  s u b s t a n t i a l  r o l e  i n  c r e a t i n g  
t h e s e  q u a l i t i e s  i n  a  b u i l d i n g  environment. 
The e f f e c t i v e n e s s  o f  v a r i o u s  c o n t r o l  s t r a t e g i e s  
s i g n i f i c a n t l y  impacts t h e  degree  t o  which t h i s  
o v e r a l l  o b j e c t i v e  is  achieved. Thus, i t  i e  important  
t o  re-examine convent iona l  c o n t r o l  s t r a t e g i e s  and 
analyze a l t e r n a t i v e  approaches which can go f a r t h e r  
i n  reach ing  t h e  d e s i r e d  o b j e c t i v e .  
System Optimizat ion i s  an approach which can 
o f f e r  b e t t e r  performance i n  many b u i l d i n g  appl ica -  
t i o n s .  It can be def ined  a s  e l e c t r o n i c  b u i l d i n g  
c o n t r o l  s t r a t e g i e s  which t r e a t  a  b u i l d i n g ' s  HVAC 
components a s  a  complete energy-eff  i c i e n t  and 
coordinated system. This  approach i s  based on a  
g l o b a l  view o f  a  b u i l d i n g  and i t s  HVAC components, 
a s  w e l l  a s  o t h e r  f a c t o r s  a f f e c t i n g  t h e i r  o p e r a t i o n .  
Most convent iona l  c o n t r o l  s t r a t e g i e s  focus on 
i n d i v i d u a l  HVAC components w i t h  an eye  towards what 
should be done t o  op t imize  i n d i v i d u a l  component 
performance. System Opt imiza t ion  is  based on a  
broader  p e r s p e c t i v e .  It looks a t  a n  i n d i v i d u a l  
component's performance, but  s e e s  i t  a s  p a r t  of  a  
l a r g e r  p i c t u r e  - t h e  performance o f  t h e  t o t a l  WAC 
system, and on a n  even l a r g e r  s c a l e ,  t h e  performance 
of t h e  b u i l d i n g  and i ts  occupants .  
The i d e a  of  op t imiz ing  HVAC o p e r a t i o n  is  n o t  a  
new one. I n  t h e  p a s t ,  l i m i t e d  o p t i m i z a t i o n  was 
accomplished through mechanical means only.  
Computerized EMCS's made p o s s i b l e  through micro- 
p rocessor  technology,  have s i g n i f i c a n t l y  enhanced 
HVAC o p t i m i z a t i o n  techniques.  EMCS sof tware  a l lows  
g r e a t  f l e x i b i l i t y  and c a p a b i l i t y  f o r  HVAC c o n t r o l .  
Many sof tware  a p p l i c a t i o n  programs t h a t  manage HVAC 
energy a r e  now considered t r a d i t i o n a l  i n  t h e  EMCS 
i n d u s t r y .  Programs such a s  Programmed S t a r t i n g  and 
Stopping* Optimal S t a r t i n g  and Stopping,  Duty 
Cycl ing,  and Demand L i m i t i n g  c o n s t i t u t e  main l i n e  
sav ings  s t r a t e g i e s  today. 
I n  r e c e r t  y e a r s  t h e  l e v e l  of  c o n t r o l  s o p h i s t i c a -  
t i o n  has  cont inued t o  r i s e .  Emphasis has  been 
focused on i r .d iv idua1  equipment op t imiza t ion .  EMCS 
sof tware  prog,rams which s p e c i f i c a l l y  address  equipment 
o p e r a t i n g  c h ~ r a c t e r i s t i c s  a r e  becoming cornonplace. 
The goa l  of t h e s e  programs is  t o  reduce i n d i v i d u a l  
equipment energy consumption. Examples i n c l u d e  Supply 
A i r  Reset prclgrams f o r  a i r  handl ing  equipment, 
Management and Opt imiza t ion  pragrams f o r  c h i l l e r s ,  and 
t h e  I n c r e a s i n g  use of  D i r e c t  D i g i t a l  Cont ro l  (DDC) 
f o r  HVAC equf pment. 
Sophistication 
Fi;gure 1 EMCS Evolu t ion  
Another a s p e c t  o f  equipment o p t i m i z a t i o n  has 
been t h e  improvement i n  e f f i c i e n t y  l e v e l s  f o r  HVAC 
equipment as s u p p l i e d  by t h e  manufacturer .  Impressive 
p r o g r e s s  has  been made i n  t h i s  a r e a ,  p a r t i c u l a r l y  
w i t h i n  t h e  l e s t  5 years .  The f u t u r e  p o i n t s  t o  t h e  
i n t e g r a t i o n  o f  microprocessor  c o n t r o l s  and i n d i v i d u a l  
HVAC equipment. Equipment such a s  roof  top  u n i t s ,  
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, and a i r  h a n d l e r s ,  w i t h  u n i t  mounted c o n t r o l s  Sys te  
ming t o  appear on t h e  market today.  ba lance  an 
t h e  most o a r t .  ~ n n v e n t i o n a l  c o n t r n l  s trate-  t h r o ~ i ~ h n n l t  
c h i l l e r s ,
arc  begir 
For .. _ _ -  -  . - -.--- - - -- -  -- 
g i e s  such a s  t r a d i t i o n a l  a p p l i c a t i o n  programs and 
equipment op t imiza t ion  programs have s a t i s f i e d  
requirements  f o r  comfort and p r o d u c t i v i t y  i n  b u i l d i n g  
environments. However, a  q u e s t i o n  a r i s e n  a s  t o  
whether HVAC system e f f i c i e n c y  can be  improved beyond 
l e v e l s  c u r r e n t l y  achieved through t h e s e  s t r a t e g i e s .  
A s  t h e  l e v e l  of s o p h i s t i c a t i o n  a s s o c i a t e d  w i t h  conven- 
t i o n a l  approaches h a s  r i s e n ,  s o  have t h e  corresponding 
energy savings. System Opt imiza t ion  s t r a t e g i e s ,  
t ak ing  a  g l o b a l  view of t h e  HVAC system, can more 
i n t e l l i g e n t l y  coord ina te  t h e  i n d i v i d u a l  u n i t s  t o  
maximize o v e r a l l  system e f f i c i e n c y  whi le  main ta in ing  
o r  improving comfort and p r o d u c t i v i t y .  
APPLICATION EXAMPLE 
An example which d i f f e r e n t i a t e s  between conven- 
t i o n a l  and System Optimizat ion approaches,  a n a l y z e s  
f a c t o r s  involved,  and c o n s i d e r s  q u e s t i o n s  which a r i s e  
w i l l  help i l l u s t r a t e  t h e  concept  of System Optimiza- 
t ion .  The fol lowing example d i s c u s s e s  a s p e c t s  of 
cool ing season d a i l y  o p e r a t i o n  f o r  t h e  HVAC system 
serv ing  a  commercial o f f  i c e  b u i l d i n g .  T h i s  system 
c o n s i s t s  of  a  c e n t r a l  c h i l l e d  water  p l a n t  and a  
v a r i a b I e  a i r  volume (VAV) a i r s i d e  system. Discuss ions  
w i l l  compare conventional  and System Opt imiza t ion  
s t r a t e g i e s  f o r  a  t y p i c a l  o p e r a t i n g  day which i n c l u d e s  
occupied opera t ion .  a l t e rnoon  shutdown, unoccupied 
opera t ion  and morning s t a r t - u p .  
Occupied Opera t i o n  
I n i t i a l l y ,  system o p e r a t i o n  dur ing  t h e  occupied 
per iod ,  a f t e r  HVAC equipment h a s  been s t a r t e d  and 
des i red  space c o n d i t i o n s  have been achieved,  w i l l  be  
considered.  However, some fundamental r e l a t i o n s h i p s  
must be d i scussed  t o  understand bo th  convent iona l  and 
System Optimizat ion approaches. 
For a  given load  c o n d i t i o n ,  VAV a i r s i d e  energy 
consumption is minimized by keeping t h e  supply a i r  a t  
t h e  design temperature.  Also, c h i l l e r  energy consump- 
t i o n  can be  minimized by keeping t h e  supply c h i l l e d  
water  temperature a s  h igh  a s  p o s s i b l e ,  w h i l e  s a t i s f y -  
3ol ing load. and keeping t h e  condenser  w a t e r  
poss ib le .2  
a n t i o n a l l y ,  equipment op t imiza t ion  sof tware  
3 reduce i n d i v i d u a l  u n i t  energy consumption 
- t o  t h e s e  r e l a t i o n s h i p s .  However, t h e s e  
s t r a t e g i e s  do no t  c o n s i d e r  how a l t e r i n g  parameters  i n  
one system a f f e c t s  t h e  o t h e r  system. In  f a c t ,  a  
ba lance  e x i s t s  between a i r s i d e  and w a t e r s i d e  energy 
consumption. A l t e r i n g  parameters  t o  decrease  energy 
consumption on one s i d e  may a c t u a l l y  i n c r e a s e  energy 
consumption on t h e  o t h e r  s ide .  
Lgure 2 A i r  Side/Water  S ide  Balance 
!m Opt imiza t ion  s t r a t e g i e s  c o n s i d e r  t h i s  
~d c o o r d i n a t e  a i r s i d e  and w a t e r s i d e  o p e r a t i o n  
-- ,..--- t h e  occupied per iod .  Analys i s  h a s  shown 
t h a t  under c e r t a i n  l a t e n t  load  c o n d i t i o n s  i t  i s  b e s t  t o  
a l l o w  t h e  d i s c h a r g e  supply a i r  temperature t o  i n c r e a s e .  
O v e r a l l .  t h e  corresponding i n c r e a s e  i n  a i r s i d e  energy 
consumption i s  more t h a n  o f f s e t  by c h i l l e r  energy 
s a v i n g s  r e s u l t i n g  from reduced c o i l  loads .  A t  o t h e r  
t imes i n  t h e  occupied p e r i o d ,  l a t e n t  l o a d s  may be such 
t h a t  d e s i g n  d i s c h a r g e  supply a i r  temperature should be 
maintained.  3 
Unlike convent iona l  approaches,  System Optimiza- 
t i o n  can respond t o  load  and environmental  changes and 
a l t e r  s t r a t e g i e s  a f f e c t i n g  a i r s i d e  and wate rs ide  energy 
consumption t o  main ta in  minimum o v e r a l l  system energy 
con sump t ion.  
Afternoon Shutdown 
Convent iona l ly ,  Optimal  Stop sof tware  h a s  been 
used t o  reduce HVAC equipment energy consumption by 
de te rmin ing  t h e  e a r l i e s t  t i m e  equipment can be stopped 
dur ing  t h e  l a s t  p o r t i o n  of t h e  occupied per iod .  T h i s  
method r e l i e s  on t h e  thermal  i n e r t i a  of t h e  s t r u c t u r e  
t o  main ta in  d e s i r e d  space  tempera tures .  
System Opt imiza t ion  r e f i n e s  t h i s  by g l o b a l l y  
c o n s i d e r i n g  b u i l d i n g  and equipment c h a r a c t e r i s t i c s  a s  
w e l l  a s  comfort  f a c t o r s  a s s o c i a t e d  w i t h  equipment shu t -  
down. While c o n v e n t i o n a l  methods o f t e n  s t o p  a l l  HVAC 
equipment s imul taneous ly ,  a  System Opt imiza t ion  
approach can i n t e l l i g e n t l y  s t a g g e r  equipment shutdown. 
For example. i t  may be p o s s i b l e  t o  s t o p  t h e  c h i l l e r  
e a r l i e r  than  convent iona l  methods would a l l o w ,  l e a v i n g  
c h i l l e d  wate r  pumps and a l r s i d e  systems o p e r a t i n g .  A t  
a  l a t e r  t i m e ,  c h i l l e d  wate r  pumps may b e  s topped.  
fol lowed by t h e  a i r s i d e  system. 
T h i s  approach o f f e r s  two advantages.  I t  f u r t h e r  
reduces  o v e r a l l  sysrem energy consumption by more 
e f f e c t i v e l y  u s i n g  c o o l i n g  c a p a c i t y  s t o r e d  i n  t h e  
c h i l l e d  wate r  loop and b u i l d i n g  mass. I t  a l s o  
a d d r e s s e s  occupant  comfort  and p r o d u c t i v i t y .  Comfort 
is  a f u n c t i o n  of space  tempera ture  and humidi ty,  a i r  
movement, and psycholog ica l  c o n s i d e r a t i o n s .  When a l l  
WAC equipment i s  turned of f  s imul taneous ly  p r i o r  t o  
t h e  end of  occupancy, people  tend t o  f e e l  d i scomfor t  
due t o  l a c k  of a i r f l o w  and f a n  n o i s e  even though space  
tempera ture  and humidi ty may b e  w i t h i n  a c c e p t a b l e  
ranges .  Staggered HVAC equipment shutdown can  s a t i s f y  
a i r  movement and psycholog ica l  requ i rements  t o  main ta in  
t r u e  occupant comfort  w h i l e  s t i l l  reducing o v e r a l l  
energy consumption. 
Unoccupied Opera t ion  
Due t o  t h e  l a r g e  number of unoccupied hours  i n  a  
t y p i c a l  commercial o f f i c e  bu i ld ing .  HVAC c o n t r o l  
s t r a t e g i e s  dur ing  t h i s  per iod  have a  c o n s i d e r a b l e  
e f f e c t  on energy consumption. Because occupant  comfort 
is  u s u a l l y  n o t  a n  i s s u e  d u r i n g  t h i s  p e r i o d ,  space 
c o n d i t i o n s  may be al lowed t o  vary  from a c c e p t a b l e  
occupied comfort l e v e l s .  
Conventional ly.  HVAC equipment i s  simply s topped 
a s  soon a s  p o s s i b l e  a t  t h e  end of t h e  occupied per iod ,  
k e p t  o f f  throughout  t h e  unoccupied p e r i o d ,  and re-  
s t a r t e d  a s  l a t e  a s  p o s s i b l e  p r i o r  t o  occupancy t h e  
n e x t  day. T h i s  s t r a t e g y  minimizes HVAC equipment 
energy consumption d u r i n g  t h e  unoccupied per iod .  
However, no c o n s i d e r a t i o n  i s  g iven  f o r  t h e  e f f e c t  t h i s  
may have on morning s t a r t - u p .  Energy s a v i n g s  r e s u l t i n g  
from equipment shutdown d u r i n g  t h e  unoccupied p e r i o d  
may a c t u a l l y  be o f f s e t  by energy requirements d u r i n g  
morning s t a r t - u p  and t h e  e a r l y  p o r t i o n  of  t h e  occupied 
p e r i o d .  
In c o n t r a s t ,  a  b roader  p e r s p e c t i v e  recognizes  
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t h a t  HVAC o p e r a t i o n  d u r i n g  t h e  unoccupied p e r i o d  w i l l  
d i r e c t l y  i n f l u e n c e  o p e r a t i o n  d u r i n g  morning s t a r t - u p  
and  even i n t o  t h e  occup ied  p e r i o d .  By u n d e r s t a n d i n g  
c h a r a c t e r i s t i c s  o f  t h e  b u i l d i n g  and HVAC equipment  
i n v o l v e d ,  System O p t i m i z a t i o n  s t r a t e g i e s  c a n  r e d u c e  
t o t a l  energy consumption c o n s i s t i n g  o f  b o t h  unoccupied 
and s t a r t - u p  ene rgy .  T h i s  can  be  accomplished th rough  
i n t e l l i g e n t  u s e  of o u t d o o r  a i r  " f r e e  c o o l i n g "  d u r i n g  
t h e  unoccupied p e r i o d .  
Many v a r i a b l e s  a f f e c t  t h e  r e l a t i v e  economy of 
u s i n g  f a n  ene rgy  and f r e e  c o o l i n g  a s  opposed t o  
c h i l l e r  p l a n t  energy.  Depending upon t h e s e  v a r i a b l e s .  
i t  may be  advan tageous  t o  i n t r o d u c e  ou tdoor  a i r  t o  t h e  
b u i l d i n g  t o  r e d u c e  o r  e l i m i n a t e  t h e  pull-down l o a d  
norma l ly  hand led  by t h e  c h i l l e d  w a t e r  p l a n t  d u r i n g  
morning s t a r t - u p .  Under some c o n d i t i o n s  i t  may even 
b e  p o s s i b l e  t o  "subcool" t h e  b u i l d i n g  d u r i n g  t h e  un- 
occup ied  p e r i o d .  I n  d o i n g  s o ,  n o t  o n l y  h a s  t h e  
morning uull-down l o a d  been e l i m i n a t e d .  b u t  coolins! 
- .  -
c a p a c i t y  may a c t u a l l y  b e  s t o r e d  by v i r t u e  of t h e  
b u i l d i n g  mass. The b e n e f i t  o b t a i n e d  h e r e  i s  t h a t  more 
economical  f a n  ene rgy  and f r e e  c o o l i n g  i s  used i n  l i e u  
of  c o s t l y  c h i l l e r  p l a n t  ene rgy .  
When o n l y  t h e  unoccupied p e r i o d  i s  c o n s i d e r e d ,  
t h i s  approach  consumes more ene rgy  than  c o n v e n t i o n a l  
methods which s imply l e f t  equipment  o f f .  However. 
t a k i n g  a  g l o b a l  v iew o f  d a i l y  o p e r a t i o n  and c o n s i d e r -  
i n g  b o t h  t h e  unoccupied and morning s t a r t - u p  p e r i o d s ,  
t h i s  System O p t i m i z a t i o n  s t r a t e g y  c a n  a c u t a l l y  r educe  
o v e r a l l  HVAC ene rgy  consumption.  
Morning S t a r t .  
Conven t iona l  morning s t a r t - u p  s t r a t e g i e s  u s e  
Op t ima l  S t a r t  s o f t w a r e  t o  s t a r t  WAC equipment  a s  l a t e  
a s  p o s s i b l e  and s t i l l  a c h i e v e  d e s i r e d  comfor t  l e v e l s  
a t  occupancy. T y p i c a l l y ,  t h e  a i r s i d e  and w a t e r s i d e  
sys t ems  a r e  s t a r t e d  s i m u l t a n e o u s l y  a t  an  optimum time. 
Compared t o  manual s t a r t  methods o r  t i m e  c l o c k s ,  t h i s  
s t r a t e g y  w i l l  r e s u l t  i n  s a v i n g s .  However, s a v i n g s  a r e  
i n h e r e n t l y  l i m i t e d  by b u i l d i n g  c o n d i t i o n s  a l r e a d y  
e s t a b l i s h e d  by c o n v e n t i o n a l  unoccupied p e r i o d  o p e r a t -  
i n g  s t r a t e g i e s .  
With t h e  System O p t i m i z a t i o n  approach .  HVAC 
o p e r a t i o n  d u r i n g  morning s t a r t - u p  w i l l  become a  
n a t u r a l  e x t e n s i o n  of  t h e  unoccupied p e r i o d  s t r a t e g i e s .  
A s  i n  t h e  unoccupied p e r i o d ,  System O p t i m i z a t i o n  w i l l  
c o n s i d e r  t h e  r e l a t i v e  economy of u s i n g  f a n  ene rgy  and 
f r e e  c o o l i n g  a s  opposed t o  c h i l l e r  p l a n t  energy.  I f  
c o n d i t i o n s  d i c t a t e  t h a t  a i r s i d e  and w a t e r s i d e  sys t ems  
a r e  needed,  System O p t i m i z a t i o n  s t r a t e g i e s  w i l l  
c o o r d i n a t e  t h e  o p e r a t i o n  of  t h e s e  sys t ems  t o  minimize  
t h e i r  t o t a l  ene rgy  consumption,  a s  e x p l a i n e d  i n  t h e  
occupf  ed o p e r a t  i o n  d i s c u s s i o n .  
The u n d e r l y i n g  b e n e f i t  t o  System O p t i m i z a t i o n  
h e r e  is t h a t  unoccupied p e r i o d  s t r a t e g i e s  p o s i t i o n  
b u i l d i n g  c o n d i t i o n s  f o r  morning s t a r t - u p  i n  o t d e r  t o  
r educe  t h e  combined unoccupied and morning s t a r t - u p  
HVAC ene rgy  consumption. 
CONCLUSIONS 
Four  b a s i c  p r i n c i p l e s  can  b e  drawn f rom t h e  
p r e c e d i n g  d i s c u s s i o n .  These  p r i n c i p l e s  a r e  e s s e n t i a l  
t o  t h e  development and a n a l y s i s  o f  e f f e c t i v e  HVAC 
c o n t r o l  s t r a t e g i e s .  
0 HVAC c o n t r o l  s t r a t e g i e s  a f f e c t  t h e  ene rgy  
consumption b a l a n c e  between a i r s i d e  and w a t e r s i d e  
sys t ems  i n  a  b u i l d i n g .  
0 HVACcon ~ t r o l  s t r a t e  g i e s  s h o u l d  b e  b a s e d  on  a c t u  
b u i l d i n g  c o n d i t i o n s ,  and n o t  models  o f  t y p i c a l  
b u i l d i n g  c o n d i t i o n s .  
0 HVAC c o n t r o l  s t r a t e g i e s  s h o u l d  g l o b a l l y  c o n s i d e r  
a l l  r e l e v a n t  b u i l d i n g ,  HVAC equ ipmen t ,  and 
occupan t  c h a r a c t e r i s t i c s .  
The l i m i t e d  f o c u s  of c o n v e n t i o n a l  c o n t r o l  
s t r a t e g i e s  c a n n o t  a d e q u a t e l y  a d d r e s s  t h e  system-wide 
f a c t o r s  brough-: f o r t h  by t h e  above p r i n c i p l e s .  Using 
t h e s e  p r i n c i p l ~ a s  a s  a  f o u n d a t i o n .  HVAC System Optimi- 
z a t i o n  can  a c h i e v e  t h e  u tmos t  i n  c o m f o r t ,  e f f i c i e n c y .  
and p r o d u c t i v i t y  i n  a  b u i l d i n g  environment .  
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